1. Introduction {#sec1-ijms-18-01559}
===============

Aquaporins (AQPs) are a family of water channels that transport water and small molecules for the maintenance of fluid homeostasis. AQPs are present in many organisms, including bacteria and humans. Thirteen AQP family members have been identified in humans (AQP0-12), and are expressed in various organs \[[@B1-ijms-18-01559]\]. Abnormalities in the expression level of AQPs have recently been found to cause various diseases. For example, it has become clear that nephrogenic diabetes insipidus occurs when the expression level of AQP2 in the kidney decreases \[[@B2-ijms-18-01559]\], cerebral edema occurs when the expression level of AQP4 in the brain increases \[[@B3-ijms-18-01559],[@B4-ijms-18-01559]\], constipation and diarrhea are induced when the expression level of AQP3 in the large intestine increases or decreases \[[@B5-ijms-18-01559],[@B6-ijms-18-01559],[@B7-ijms-18-01559]\]. Therefore, control of the expression level of AQPs may be effective for the prevention and treatment of various diseases.

AQP3 is abundantly expressed in human and mouse skin epidermis \[[@B8-ijms-18-01559],[@B9-ijms-18-01559]\]. Because the water content in the stratum corneum of epidermis is reduced in AQP3-null mice, it is thought that AQP3 plays a key role in skin hydration \[[@B10-ijms-18-01559],[@B11-ijms-18-01559]\]. AQP3-null mice exhibit delayed barrier recovery after acute barrier disruption \[[@B12-ijms-18-01559]\]. In contrast, transgenic mice overexpressing AQP3 exhibit accelerated barrier recovery \[[@B13-ijms-18-01559]\]. AQP3 also facilitates migration and proliferation of keratinocytes in epidermis during wound healing \[[@B14-ijms-18-01559]\]. Thus, AQPs in the skin have various functions \[[@B15-ijms-18-01559]\].

It is known that skin function deteriorates with aging, and that this is associated with a decrease in the dermal water content \[[@B16-ijms-18-01559]\]. It has also been reported that this decrease in the dermal water content involves a decrease in hyaluronic acid, ceramide, and collagen amounts in the skin \[[@B17-ijms-18-01559],[@B18-ijms-18-01559],[@B19-ijms-18-01559]\]. However, although there are cosmetics and health foods that target hyaluronic acid and collagen, there are few products that improve aging-related skin dryness. The aim of this study was to investigate the possibility that AQPs may serve as new target molecules for aging-related skin dryness. Briefly, mice aged 3 and 20 months were designated as young and aged mice, respectively, to analyze the expression level of AQPs in the skin.

2. Results {#sec2-ijms-18-01559}
==========

2.1. Body Weight, Transepidermal Water Loss (TEWL) and Dermal Water Content {#sec2dot1-ijms-18-01559}
---------------------------------------------------------------------------

Body weight, TEWL, and dermal water content were measured in mice aged 3 (young mice) and 20 months (aged mice).

Body weight was significantly increased in aged mice compared to that in young mice ([Figure 1](#ijms-18-01559-f001){ref-type="fig"}A). TEWL was approximately the same in aged and young mice, showing no significant difference ([Figure 1](#ijms-18-01559-f001){ref-type="fig"}B). The dermal water content was significantly lower in aged mice than in young mice ([Figure 1](#ijms-18-01559-f001){ref-type="fig"}C).

Based on the above, it was found that the dermal water content in aged mice did not decrease because of increased TEWL.

2.2. The Expression Level of Aquaporins (AQPs) in the Skin {#sec2dot2-ijms-18-01559}
----------------------------------------------------------

The expression level and distribution of AQPs in the skin of young and aged mice were analyzed.

Among the AQP0 through AQP9 analyzed in this study, the expression of AQP1, AQP3, AQP4, AQP7, and AQP9 was confirmed in the skin of HR-1 hairless mice. All the mRNA expression levels of these AQPs were significantly lower in aged mice than in young mice ([Figure 2](#ijms-18-01559-f002){ref-type="fig"}).

The protein expression level was analyzed for AQP3, which is known to be closely related to moisture retention in the skin \[[@B10-ijms-18-01559],[@B11-ijms-18-01559]\]. In western blotting, the bands of AQP3 were detected at 27 kDa and 30 to 40 kDa. One of these bands appeared at approximately 27 kDa and represented the deglycosylated form of AQP3. The other appeared at approximately 30 to 40 kDa and represented a glycosylated form of AQP3 \[[@B20-ijms-18-01559],[@B21-ijms-18-01559]\]. Glycosylation was associated with the stability and cell surface expression of AQPs, but it does not influence water permeability \[[@B22-ijms-18-01559],[@B23-ijms-18-01559],[@B24-ijms-18-01559]\]. In this study, the sum of these bands was analyzed as the expression level of AQP3. The protein expression level of AQP3 in the skin was significantly lower in aged than in young mice ([Figure 3](#ijms-18-01559-f003){ref-type="fig"}A). When the whole skin, containing epidermis and dermis, was harvested from the mice, AQP3 was only detected in the stratum basal ([Figure 3](#ijms-18-01559-f003){ref-type="fig"}B) \[[@B8-ijms-18-01559]\]. In the immunohistochemistry, it was also confirmed that the density of AQP3 in the skin of aged mice was lower than that of young mice ([Figure 3](#ijms-18-01559-f003){ref-type="fig"}B).

Based on the above, it was found that the expression level of skin AQPs decreased in aged mice compared to that in young mice.

2.3. The Expression Level of AQPs in the Whole Body {#sec2dot3-ijms-18-01559}
---------------------------------------------------

The results showed that the expression level of various members of the AQPs family in the skin decreased along with aging. We investigated whether the aging-related decreased AQPs expression was specific to the skin or if it also changed in the other organs. Briefly, the mRNA expression level of AQPs was analyzed in the kidney, liver, upper small intestine, middle small intestine, lower small intestine, large intestine, and eye of young and aged mice ([Figure 4](#ijms-18-01559-f004){ref-type="fig"}).

The mRNA expression of AQP0 was observed only in the eye, and the expression level of aged mice was significantly lower than that in young mice by approximately 40%.

The expression level of AQP1 was significantly lower in aged mice than in young mice in the kidney, liver, and eye. On the other hand, the expression level of AQP1 in the upper and middle small intestine was significantly higher in aged mice than in young mice.

The expression level of AQP2 in the kidney, middle small intestine, lower small intestine, and large intestine was significantly lower in aged mice than in young mice.

The expression level of AQP3 in the kidney, middle small intestine, and lower small intestine was significantly lower in aged mice than in young mice. On the other hand, the expression level of AQP3 in the eye was significantly higher in aged mice than in young mice.

The expression level of AQP4 in the kidney, liver, small intestine, and large intestine was significantly lower in aged mice than in young mice. On the other hand, the expression level of AQP4 in the eye was significantly higher in aged mice than in young mice.

The expression of AQP5 was observed in the kidney, large intestine, and eye, with no differences between young and aged mice.

The expression of AQP6 was observed in the kidney and eye. The expression level of AQP6 in the kidney was significantly lower in aged mice than in young mice.

The expression level of AQP7 in the kidney and lower small intestine was significantly lower in aged mice than in young mice.

The expression of AQP8 was observed in the kidney, liver, and large intestine. The expression level of AQP8 in the kidney was significantly lower in aged mice than in young mice.

The expression level of AQP9 in any of the analyzed organs showed no differences between young and aged mice.

Based on the above, it was found that the aging-related change in the expression of AQPs differed significantly depending on the organ and the type of AQP.

3. Discussion {#sec3-ijms-18-01559}
=============

It is known that a decrease in the amount of hyaluronic acid, ceramide, and collagen is involved in the reduction of skin function, particularly aging-related skin dryness \[[@B16-ijms-18-01559]\]. Recently, many cosmetics and health foods that target these have been developed as people are becoming more conscious of anti-aging. However, no substances that are dramatically effective for aging-related skin dryness have been found, and it is considered important to clarify the mechanism of onset of this condition and to develop new measures. This study aimed to clarify the role of AQPs in aging-related skin dryness, and to propose the possibility that AQPs may serve as target molecules for aging-related skin dryness. In this study, mice aged 3 and 20 months were designated as young and aged mice, respectively, to be used in the experiment. Aged mice were assumed to represent 60 years of age in humans based on the lifespans of mice and humans \[[@B25-ijms-18-01559]\].

There was no difference in TEWL between young and aged mice ([Figure 1](#ijms-18-01559-f001){ref-type="fig"}B). In contrast, the dermal water content was significantly lower in aged mice than in young mice ([Figure 1](#ijms-18-01559-f001){ref-type="fig"}C). Normally, water is transported in the skin from the vessel side to the corneum side and is retained in the corneum. The dermal water content decreases when the barrier function of the corneum is disrupted and TEWL increases \[[@B26-ijms-18-01559]\]. The results of this study showed that skin dryness due to aging was not caused by decreased barrier function.

The cause of the decrease in the dermal water content was analyzed focusing on AQPs in the skin. The expression level of AQP3, which was dominantly expressed in the skin, and plays an important role in the maintenance of the water content \[[@B10-ijms-18-01559],[@B11-ijms-18-01559]\], was significantly lower in aged mice than in young mice both based on the mRNA level and the protein level ([Figure 2](#ijms-18-01559-f002){ref-type="fig"} and [Figure 3](#ijms-18-01559-f003){ref-type="fig"}). Decreased expression of AQP3 has been determined to be one of the factors involved in skin dryness in aged mice. It has been reported that AQP3 also affects the migration capacity and growth of keratinocytes \[[@B14-ijms-18-01559]\]. It was therefore considered possible that the aging-related decreased expression of skin AQP3 was not only involved in a decrease in the dermal water content, but also in the aging-related delay of wound healing.

This study also showed that AQP1, AQP4, AQP7, and AQP9 were expressed in the mouse skin in addition to AQP3, and all of these AQPs were significantly lower in aged mice than in young mice ([Figure 2](#ijms-18-01559-f002){ref-type="fig"}). AQP1, AQP3, AQP5, AQP7, AQP9, and AQP10 are observed to be expressed in human skin \[[@B8-ijms-18-01559]\]. AQP5 is expressed in the sweat glands and is involved in the secretion of sweat \[[@B27-ijms-18-01559]\]. It was therefore possible that a decreased expression of AQP5 was involved in aging-related abnormal sweat secretion. AQP1 is expressed in the melanocytes \[[@B8-ijms-18-01559]\]. Melanocytes synthesize melanin, and are involved in skin pigmentation and defense against radiation. Little is known about how much AQP1 contributes to water transportation in the skin, but it cannot be denied that the aging-related decreased expression of AQP1 may cause senile pigment freckles, leukoderma senile, etc., because the AQP family has various functions. AQP9 is expressed in keratinocytes and Langerhans cells, and AQP7 is expressed in adipocytes \[[@B8-ijms-18-01559]\], but little is known about their function in the skin. AQP7 and AQP9 are involved in cell motility similar to the other members of the AQPs family, and therefore, it is possible that the aging-related decreased expression of AQP7 and AQP9 may affect delayed wound healing \[[@B28-ijms-18-01559],[@B29-ijms-18-01559],[@B30-ijms-18-01559]\]. It is possible that a new therapeutic strategy can be developed for skin diseases when the function of these AQPs in the skin is clarified in the future \[[@B15-ijms-18-01559]\].

We investigated whether the aging-related decreased expression of AQPs also shows any changes in organs other than the skin. The expression levels of AQP2 and AQP3 in the kidney have been found to decrease with aging, and it is suggested that this may be involved in abnormalities of urinary excretion in elderly people \[[@B31-ijms-18-01559]\]. It has also been reported that the expression level of AQP0 in the eye decreases with aging, and this has been shown to be involved in aging-related decrease in the visual function \[[@B32-ijms-18-01559]\]. As described above, based on the results of studies on aging in various functional molecules, including AQPs, it was predicted that the expression level of AQPs would decrease with aging in all organs. However, the results of the present analysis showed that there were AQPs that increased significantly, including AQP1 in the small intestine and AQP3 in the eye ([Figure 4](#ijms-18-01559-f004){ref-type="fig"}). Although the mechanism of changes in the expression of these AQPs and their role is unknown, these data provide an important explanation of aging-related water metabolism abnormalities in various organs. Moreover, the results of comprehensive analysis of the AQP family in various organs of the same individual are also useful observations to estimate the water balance between organs.

The results of the present study showed that the expression level of AQPs in the skin decreased with aging, and suggested the possibility that this was one of the causes of aging-related skin dryness. Recently, substances that increase the expression level of AQPs in the skin have been actively sought out \[[@B33-ijms-18-01559],[@B34-ijms-18-01559],[@B35-ijms-18-01559]\]. It is possible that AQPs may serve as target molecules for the prevention and treatment of senile xerosis by clarifying the effects of these substances on aging-related skin dryness.

4. Materials and Methods {#sec4-ijms-18-01559}
========================

4.1. Animals and Treatments {#sec4dot1-ijms-18-01559}
---------------------------

The animal experiments were performed in accordance with the protocol approved by the Committee on the Ethics of Animal Experiments of Hoshi University (09-72, 4 November 2009). The mice were kept at room temperature (24 ± 1 °C) at 55 ± 5% humidity with a 12-h light cycle (artificial illumination: 08:00--20:00). HR-1 hairless mice (2 months old) were purchased from Hoshino Laboratory Animals, Corp. (Ibaraki, Japan). After breeding up to 3 or 20 months old, the skin, kidney, liver, small intestine, large intestine, and eye were removed, frozen in liquid nitrogen, and stored at −80 °C. All surgery was performed under diethyl ether anesthesia, and all efforts were made to minimize suffering.

4.2. Measurement of TEWL and Dermal Water Content {#sec4dot2-ijms-18-01559}
-------------------------------------------------

TEWL was measured using a Tewameter (TM300, Courage & Khazaka, Cologne, Germany). The dermal water content was measured using a Corneometer (CM825, Courage & Khazaka, Cologne, Germany). These measurements were carried out at 23 ± 1 °C and 60 ± 10% humidity.

4.3. Real-Time RT-PCR {#sec4dot3-ijms-18-01559}
---------------------

RNA was extracted from the mouse tissue using TRI reagent (Sigma-Aldrich Corp., St. Louis, MO, USA). A high-capacity cDNA synthesis kit (Applied Biosystems, Foster City, CA, USA) was used to synthesize cDNA from 1 μg of RNA. Target gene expression was analyzed with real-time RT-PCR using the primers listed in [Table 1](#ijms-18-01559-t001){ref-type="table"}. The mRNA gene expression levels were normalized to β-actin gene expression levels.

4.4. Preparation of Membrane Fraction from Skin for Immunoblotting {#sec4dot4-ijms-18-01559}
------------------------------------------------------------------

The skin tissue was homogenized in a dissecting buffer (0.3 M sucrose, 25 mM imidazole, 1 mM ethylenediaminetetraacetic acid, 8.5 µM leupeptin, 1 µM phenylmethylsulfonyl fluoride; pH 7.2) using a Physcotron homogenizer on ice. The homogenate was centrifuged (4000× *g* for 15 min at 4 °C), and the resulting supernatant was centrifuged (200,000× *g* for 60 min at 4 °C). The supernatant was removed, and dissecting buffer was added to the precipitate. The final homogenate contained the crude membrane fraction.

4.5. Electrophoresis and Immunoblotting {#sec4dot5-ijms-18-01559}
---------------------------------------

The proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then were transferred to a polyvinylidene difluoride membrane. The protein in the membrane was reacted with the primary antibodies and secondary antibodies. The protein was detected using the electrochemiluminescence prime detection reagent (GE Healthcare, Chalfont St. Giles, UK). Proteins were visualized using an LAS-3000 Mini Lumino image analyzer (Fuji Film, Tokyo, Japan). The protein expression level of AQP3 was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

4.6. Immunohistochemistry {#sec4dot6-ijms-18-01559}
-------------------------

The whole skin, containing epidermis and dermis, was post-fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS). The samples were embedded, and the frozen blocks were cut using a cryostat (Leica Microsystems, Tokyo, Japan). The sections were reacted with a rabbit anti-rat AQP3 antibody (Alomone Labs, Jerusalem, Israel). The sections were treated with an Alexa Fluor 488 donkey anti-rabbit IgG antibody (Invitrogen Corp., Tokyo, Japan) and a 4′,6-diamidino-2-phenylindole solution (Wako Pure Chemicals, Osaka, Japan). The immunostained sections were observed under a fluorescent microscope (FV1200 IX83, Olympus Corporation, Tokyo, Japan).

4.7. Statistical Analyses {#sec4dot7-ijms-18-01559}
-------------------------

Numerical data were expressed as mean ± standard deviation. Significance was examined using Student's *t*-test for pairs of values. Differences of *p* \< 0.05 were considered to be statistically significant.
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transepidermal water loss
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![Body weight, transepidermal water loss (TEWL), and dermal water content. Young and aged mice had their body weight (**A**); TEWL (**B**); and dermal water content (**C**) measured. The data represent the means ± SDs for five mice. Student's *t*-test: \* *p* \< 0.05 and \*\*\* *p* \< 0.001 vs. Young mice.](ijms-18-01559-g001){#ijms-18-01559-f001}

![The mRNA expression level of aquaporins (AQPs) in the skin. The whole skin, containing epidermis and dermis, was harvested from young (white) and aged mice (black). The mRNA expression level of AQPs in the skin were measured using real-time RT-PCR, and normalized to β-actin. Mean levels of AQP mRNA expression of young mice are indicated as 100%. The data represent the means ± SDs for five mice. Student's *t*-test: \* *p* \< 0.05, \*\* *p* \< 0.01 and \*\*\* *p* \< 0.001 vs. Young mice. N.D.: Not detect.](ijms-18-01559-g002){#ijms-18-01559-f002}

![The protein expression level of AQP3 in the skin. The whole skin, containing epidermis and dermis, was harvested from young and aged mice. (**A**) The protein expression level of AQP3 in the skin was measured using western blotting, and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Mean levels of AQP3 protein expression of young mice were indicated as 100%. The data represent the means ± SDs for five mice. Student's *t*-test: \*\* *p* \< 0.01 vs. Young mice. (**B**) AQP3 (green) and nuclei (blue) were immunostained.](ijms-18-01559-g003){#ijms-18-01559-f003}

![The expression level of AQPs in the whole body. The kidney, liver, small intestine (SI), large intestine (LI), and eye were harvested from young (white) and aged mice (black). The mRNA expression level of AQPs were measured using real-time RT-PCR and normalized to β-actin. Mean levels of AQPs mRNA expression of young mice are indicated as 100%. The data represent the means ± SDs for five mice. Student's *t*-test: \* *p* \< 0.05, \*\* *p* \< 0.01, and \*\*\* *p* \< 0.001 vs. Young mice. N.D.: Not detect.](ijms-18-01559-g004){#ijms-18-01559-f004}

ijms-18-01559-t001_Table 1

###### 

Primer sequences for real-time PCR.

  Gene      Forward                 Reverse
  --------- ----------------------- -----------------------
  AQP0      TGCTCTGCATCTTTGCTACA    GCACCAGTGTAATACATCCCA
  AQP1      CTGCTGGCGATTGACTACACT   TCATAGATGAGCACTGCCAGG
  AQP2      CTGGCTGTCAATGCTCTCCAC   TTGTCACTGCGGCGCTCATC
  AQP3      CCTTGTGATGTTTGGCTGTGG   GGAAGCACATTGCGAAGGTC
  AQP4      GAGTCACCACGGTTCATGGA    CGTTTGGAATCACAGCTGGC
  AQP5      GCTGGAGAGGCAGCATTG      CACCCAAGTGTCCCATCATG
  AQP7      GCTTGGTCTGCTGCTTCAG     GGAACTCTGCCAGAAACTCTC
  AQP8      GGCTTCTCTGTCATTGTGGA    TCCGATGAGGAGCCTAATGA
  AQP9      TGAGCCATTAGGAGAGACCTT   ACCTCCAACTTTAGTCCACCA
  β-actin   GAGCGCAAGTACTCTGTGTG    CGGACTCATCGTACTCCTG

[^1]: These authors contributed equally to this work.
